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Abstract

A method for analysis of progressive failure in the Computatidsiabictural

Mechanics Testbed is presented in this report.

The relationship employed in this

analysis describes the matrix cradiemage andfiber fracture viakinematics-based
volume-averaged damage variables. Damage accumulation during monotonic and
cyclic loads is predicted bgamage evolution lawir tensile load conditions. The
implementation of thisdamage model required the development twb testbed
processors. While this report concentrates on the theory and usage of these
processors, a complete listing of all testbed processors and inputs thategueed

for this analysis areincluded.

Sample calculations for laminates subjected to

monotonic and cyclic loadwere performed to illustrate thdamage accumulation,
stressredistribution, and changes to the global response that occurs during the
loading history. Residual strength predictions made with this informat@mpared

favorably with experimental measurements.
Introduction B

. , D
Laminated composite structures are susceptible

to the development of microcracks durirtheir dpara

operationallives. Whilethese microcracks tend to
aggregate in highstressregions and result in
localized regions of reduced stiffness and strengthg, ,
the microcracks can affect the global response of
the structure. This change in the global structure irF22
turn can create higlstressesand increasedamage g
accumulation in another part of the structurghus

to accurately predict the structural response ands;,
residual strength of a laminated composite structurz,
the effects of the accumulating damage must b
incorporated into the global analysis. Tapproach -
taken is to develop damage-dependentstitutive k
equations at the ply level. These equationsthen
employed in the development of tHamination
equations from which the constitutive module of theN,
structural analysis algorithm is constructed. This _
algorithm is executed in a stepwise manner in whichp
the damage-dependermly-level results are used in

the calculation of the global response for thext

load step. This reportwill describe two
Computational Structural Mechanics (CSM) Testbed
(COMET) processors thatvere developed for the
performance of such an analysis. A bniefiew of

the theory behind the processors is fipsesented.

The usage of these processors is tdemonstrated. 5%
Since this analysis requires the use of other COMET
processors, this reposerves as aupplement tashe g%
Computational Structural Mechanics Testbdser's
Manual (ref. 1). 0%

It should be noted that the curremtamage v
model capability, computer code version 1.1, ist
limited to matrix cracking and fiber fracturender
tensile loads.

ply

u, vo, w
Symbols and Abbreviations X, Y, 2
A laminate extensional stiffness matrix Vi,
B laminate coupling stiffness matrix

mode | matrix cracking scale factor
laminate bending stiffness matrix
material parameter determined from
experimental data

lamina longitudinal modulus

lamina transverse modulus

applied force

lamina shear modulus

tensile fiber fracture scale factor

material parameter determined from
experimental data

applied load

material parameter determined from
experimental data

Progressive Damage Analysis of
Laminated Composites

percent of maximum load

lamina longitudinal critical stress
lamina shear critical stress

lamina transverse critical stress
mode |l matrix cracking scale factor
ply thickness

longitudinal extension

undamaged midplane displacements
displacement fields

lamina Poisson’s ratio



Damage-Dependent Constitutive material will produce midplane strain ardrvature
Relationship contributions equivalent to those resulting from the
damage-induced compliance increase.

The damage-dependent constitutive relationship _ , :
employed in theCOMET analysis is based on a AS the matrix cracks accumulate in the composite,
continuum damage mechanics model proposed byhe corresponding internalstate variablesmust
Allen, Harris, and Groves (refs. 2 and 3Rather evolve to reflect the newtamage state. The rate of
than explicitly modeling each matrix crack in the change of these internatate variables igoverned
material, the averaged kinematic effects of theDy the damage evolutionary relationships. — The
matrix cracks in a representative volume aredamagestate at any point in thading history is
modeled by internastate variables. Theseternal ~ thus determined Dby integrating thelamage
state variables for matrix cracks atefined by the evolutionary laws. Based on the observation that the
volume-averaged dyadic product of the crdake  accumulation of matrix cracks during cyclic
displacementy, and the crack face normal, @ms loading is related to the strain energy release rate G

i »

proposed by Vakulenko and Kachanov (ref. 4): in a powerlaw manner (ref. 8). Lo et al. (ref. 9)
have proposed the following evolutionary

relationship for the internal state variable

1 corresponding to mode | (opening modmatrix
M —
ag,= VJ- u; ny ds, ) cracks:
L's
M . da - -
whereq [, is the second order tensor afternal dal,= —= kGnNdN, (5)
state variables, V is the local representative S

volume in the deformedstate,and S is thecrack M L

surface area. This product can be interpreted ad Ne termdat, reflects the changes in theternal
additional strains incurred by the material as aState variablewith respect to changes in thaack
result of the internal damage. From surfaces. This term can be calculated analytically
micromechanics it has bediound that the effects from a relationship that describes the averegeck

of the matrix cracks can be introduced into fg-  Surface displacements in the pure openimpde

level constitutive equation as follows (ref. 5): (mode 1) for a medium containing alternati68

0
oL =[Q{eL - alh, (2) and 90 plies (ref. 5). The term G is the strain
energy release rate calculated from the ply-level
damage-dependent stresses. The aterial
whereol_ are the locally averaged components of
stress, [Q] is the stiffness matrix in ptpordinates,

and {¢ } are the locally averagedomponents of ~ ~
strain. The laminate constitutive relationships aredata (redfs. 10band 11). IBecausle and nh are |
obtained by integrating the ply constitutive aSsumed to be material parameters, the values

equations through the thickness of the laminate tod€t€rmined from one laminate stackirsgquence
should be valid for other laminates agll. Since

parameters,R and n , are phenomenological in
nature and must be determined frawperimental

produce the interactionswith the adjacent plies andamage
_ 5 sites are implicitly reflected in the calculation of the
{N} =[Al{e?} +[Bl{x } +{f"}, (8)  ply-level response through the laminaeeraging
process, equation 5 is not restricted to @ayticular
{M} =[B]{&?} +[D]{k .} +{a"}, (4) laminate stacking sequence.

When the material is subjected to quasi-static
(monotonic) loads, the incremental change of the
internal state variable is assumed to be

where {N} and {M} are the resultantforce and
momentvectors, respectively; [A], [Bland [D] are
the well known laminate extensional, coupling, and
bending stiffness matrices, respectively (ref. 6);

o . . . . .
{eL } is the midplane strain vector; afk, } is dalt = Of (ew, B, Y, @)  if eu> Euens 6)
the midplane curvature vectoff™ } and {gM } If ew < Eone

are the damage resultant force and moment vectors

for matrix cracking, respectively (ref. 7). The

application of{f'vI } and {gM } to theundamaged

2



wheregy it is the critical tensile failure strain and v ov ou

B,y,and |y are scale factors that describe tbad Py = Aws P + (A + Ace) dx§y+A26 PV
carrying capability of the material after the IV IV IV
occurrence of mode | (opening modepatrix v v v
cracking, fiber fracture, and mode Il (sheaode) +Azz—z+2A260-,x + Ass—
matrix cracking, respectively. Thephysical oy %y X
interpretation of equation (2) is as follows: lasg ofYy of)
as the strains in a material element (lovalume + EW +—= (11)
element or finite element) adessthan the critical 2
strains, €ty N0 damageexists and theinternal o'W o'W
state variables have a zero value. When the strains . _ +4
reach their criticalvalue, the element isdamaged P, = Du PV Dis PREY,
and this damage is represented by an intestate e . o
variable whose value iproportional to the local ow ow
strain. The proportionality is dependent on the  +2(Di2+2De)— = t4Dx— -
ox° 0y oxay’
scale factors [3, y, and ). Currently, the scale . o
factors are chosen such that when fiber fracture, D IW  HzgM 52gM Zazgg" (12)
mode Il matrix cracking, or mode | matrbracking 22 5}/4 PY 0)/2 Xy

occur in a ply within an element, tHengitudinal,

shear, and transverssdressedor that ply in that ) ] ) ]
element are These governing differential equations are

integrated against variations in thdisplacement
@) components to produce a weak form of tteamage
dependent laminated plate equilibriueguations.
By substituting thecorresponding displacement
o=y o (8) interpolation functions into theveak form of the
plate equilibrium equations, the following
(9) equilibrium equations in matrix form aproduced
(ref. 12 and 13)

ou=Yyon

0222130(2:5!

where ¢fi, of%, and g% are the lamina :
longitudinal, shear, and transverse criticalesses, KI®}={Fa}+{Fm} (13)
respectively. _ _ _

where [K] is the element stiffness matridd}{is the

Structural Analysis Formulation displacement vector, £a } is the applied force
vector, and {Fy } is the damage-inducedforce

In order to simplify the formulation, it iexpedient  vector resulting from matrix cracking. Nothat

to consider the special case of symmetric laminatesthe effects of the internal damage now appear on

With this assumption, theoupling stiffness matrix, the right hand side of the equilibrium equations as

[B], becomes the null matrix and the in-plane anddamage-induced force vectors.

out-of-plane laminate equations argecoupled.

The laminate equations (3) and (4) ateen  Structural Analysis Scheme

substituted into the plate equilibrium equations to

yield the following governing differentiadquations The progression of damage is predicted by an
for the plate deformations: iterative and incrementgrocedure outlined in the
flow chart shown in figure 1. The first block of
U U U figure 1 is a description of the finiteelement
- +2 + model. Block numbers are shown in the rigland
P = Au P Aus oxdy Ass Y corner of each box in the flowchart. Blocks 2 and
”s ) 3 are processors that calculate the element stiffness
ov ov matrices and assemble and factor tiydobal
+As—— + (At Ass) —— stiffness matrix. The compliance changes due to
oy damage are accounted for by combining the
oV FfM gfM damage induced force vector with the applfedce
+ Ao + 201 972 (10) vector and solving for the global displacements in
5),2 X dy equation (6). This solution process occurdbliack

4 and 5 and then the elemesttess resultants are
computed in block 6.



18. For next load cycle, go to step 13; else stop.

The ply-level strains andtresses are cquted in ,
block 7 and as long as the strains in a material _The usage and theory behind each of the

element (local volume element or finite element) are€Xisting processors can be found in The
Computational Structural Mechanics Testbdsder's

less than the critical straingycir, N0 damageexists  Manual (ref. 1). The processo®RF and DGI are
and the internal state variables have zero valuesiescribed in Appendices A and B of thisport,
When the strains reach their criticallue, the respectively. With the exception of processor DRF
element is damaged aridis damage isepresented and DGI, other processorsrom the COMET
by an internal state variable. ThlEamagestate is processor library can be substituted into the listing
updated and the ply-levedtressesand strains are above to perform the tasks specified.
post-processed in block 8. The analysis iterates

over blocks 4 through 8 until equilibrium is Example Calculations

established, and then the next load step is applied.

) ) ) o Example calculationswere conducted using
The implementation of this analysis into the COMET to illustrate the features of the progressive
COMET code can be accomplishewith the  damage code. The first example demonstrates the
development of processoBRF and DGI. These effects of the evolving matrix damage orcrassply
processors, asvith other COMET processors, are |aminated composite plate subjected ¢onstant
semi-independent computational modules thatamplitude fatigue loads. The dimensions and
perform a specific set of tasks. ProcesB&Ffirst  poundary conditions forthe laminated plate are
calculates the damage resultant forces annents  shown in figure 2. This platevas discretizedinto
and then_incorporates them into the globaice 24 four-node quadrilateral EX4%hell elements
vectors. The second processor, D@st-processes (ref. 14). In this example, the plate has[G490]s
the elemental stress resultants iply level stresses |aminate stacking sequence and the ply-level
and strains using the damage dependent constitutivigechanical properties are listed in table These
relationship. With this information, theprocessor nroperties corresponded tthose measured for
computes the damage evolution and updates th@\17/5260 (ref. 11). A maximum load of 250b/in
damage state for the next series of calculations. Thgt an R-ratio of 0.1was applied to the laminate.
remaining calculations can be performedith  The COMET runstream and input, agell as a
existing COMET processors. The following is & segment of the output, for this example can be
listing in order of COMET processor executions for found in the section entitledProgressive Failure

this analysis: Analysis Input” of Appendix B.
1. Procedure ES defines element parameters. The predicted distribution of the modemiatrix
2. Processor TAB defines joint locations, M
constraints, reference frames. crack damageiy, in the 900 plies is shown in
3. PI’O(_)eSSOI’ AUS builds tableS of material and ﬁgure 3. The damagwas greatest at thenarrow
section properties and applied forces. end of the plate since theomponent ofstress
4. Processor LAU forms constitutive matrix. normal to the fibemwashighest in thisregion. The
5. Processor ELD defines elements. higher stressesfurther translated to agreater
6. Processor E initializes element datasets, creates gmount of energy available for the initiation and
element datasets. _ propagation of additional damage. hi§ was
7. Procedure ES initializes element matrices. reflected in the damage evolution along feegth
8. Procedure ES calculates element intrinsic of the plate. However asamage accumulated in
stiffness matrices. N .
9. Processor RSEQ resequences nodes for the plate, the stress gradient in 9@ plies became
minimum total execution time. less steep as shown figure 4. The similarity in

10. Processor TOPO forms maps to guide assemblySt€ss resulted in relativelyniform changes to the
and factorization of system matrices. damagestate at thehigher load cycles. For this

11. Processor K assembles system stiffness matrix. laminate stacking sequence, the load shed by the
12. Processor INV factors system stiffness matrix. damaged9Q° plies was absorbed by th@&° plies.

13. Continue The consequence dhis load redistribution is an
14. Processor DRF forms damage resultant force increase in the global displacements as illustrated in
vectors. figure 5. The redistribution of load to tlealjacent

15. Processor SSOL solves for static displacements plies will affect the interlaminar sheastresses as
16. Procedure STRESS calculates element stress well. This could create favorable conditions for the
resultants. propagation of delamination.
17. Processor DGI calculates ply level stresses and
damage evolution.



The second example examines the effects ofcan be complicated algebraic functiotsscribing
damage accumulation during cyclic fatigleads  the complex behavior of load redistribution due to
on the stiffness of notched laminates. In this matrix cracking and fiber fracture.However, for
example, the notched laminates are tenditgue the purpose of developing the framework for this
loaded for 100,000 cycles. The notchéckntral progressive damage methodology, simple constants
circular hole) laminate is shown in figure 6. were chosen for the parameters. So for this
Symmetry was assumed about the length waidth analysis, the damage growdw parametergyovern
of the laminate so that only a quarter of the the load redistribution in a way that is similar to the
laminate wasnodeled by the finite elemembodel. ply discount method. It is not reasonable to assume
This model, also shown in figure 6, consisted of a 100% load redistribution at the instant faflure
320 four-node quadrilateral EX43hell elements. for mode | matrix cracking and tensiléiber
Two lamainate stacking sequences, ceoss-ply  fracture. Therefore, a 90% load redistribution was

i i assumed, i.e. the local phtress ioonly 10% of the
[olgos]sand a quasi ISOtrOpI{O/i 45/90]3’ WeIe  Critical ply strength § :p(%ll andy :yo.l). As the
considered. These laminates possessed the samgyplied Ioad increases, mode | matrix cracking and
ply-level material properties as the firskample.  tensile fiber fracture internal state variablesrease
(See table 1.) The maximum fatiguads jn proportion tothe local strains. This results in a
employed in sample calculations disted intable  constant stress level (10% of the critical ply
2. The COMET runstream for the fatigleading  strength) in the damageplies, illustrated infigure
is similar to the previous example which is listed in 10 withthe load redistributing to theurrounding
Appendix B. In figure 7, the predicted stiffness plies and elements.
loss for theopen-hole geometry is compared to Based on losipescu shear data (ref. 18) there is
experimentally measuredalues of stiffness loss o
measured over a 4-in. gage length, symmethout  a shear strain( Y1, ) where the behavior is no

the open hole. longer linear and becomes almost perfectly plastic.
_ _ At this strainlevel,  is equal to 1.0 to simulate
The final example considers the effects of g|astic-perfectly plastic shear stress/strain behavior as
monotonically increasing loads on the residualjjystrated in figure 10. This implies that as the
strength of AS4/938, AS4/8553-40, aAb4/3501-  gpplied load increases, théamaged ply carries
6 notched laminates (ref. 15).  Theotched 1009 of the critical shear strengthile the

laminate shown in figure 8 is considered in this gqditional stress transfers to theurrounding plies

example. Symmetryvasassumed about thength  a3ng elements. When the shear stréiecomes
and width of the laminate so that only a quarter of

the laminatewas modeled by the finiteelement catastrophic(yirz ), Y is assumed to be equal @ol.

model. The four inchwide panelswith one inch  The |oad redistribution for shear is now similar to
notches had a mesh (figure 8) that consisted of 278he case for mode | matrix cracking.

four node quadrilateral EX47 shell elements. All
of the elements on the x=0 centerline from the i
notch-tip to the edge of the panelere the same Concluding Remarks

size for the 4, 12, and 36 inchide panels. The This report describes a progressiviailure

laminate StaCk‘”Q sequencewas  orthotropic analysis for laminated composites that can be
[mﬁ15/0/90/m30/0]s. These laminates possessed performed using the Computational Structural
the ply-level material properties shown in table 3 Mechanics (CSM) Testbed (COMET) finiedement

(ref. 16 and 17). The applied load is incrementally Coéjcfa tggte d%rsecsriebnetsat?laelylfiﬁe#;[g![izgss 06]} mtsrtil)t(utlve
nosased wilh each oad Siep 1o smulate 2 amn facksvia voiume averaged Mical siate vaabes
have occurred when the elements that span the he evolution of these internal state variables is
width of the laminate have sustained a levefiper ~ 9overned Dby an experimentally basethmage

fracture such that the analysis cannotach evolutionary relationship. The nonlinearity of the

equilibrium within a given load step. The load at Sonstitutive relationship and of = thedamage
wcr]ﬂch this condition gxists is used [tao calculate the accumulation process requires that this analysis be
residual strength. The COMET runstream for this Performed incrementally and iteratively.

example is listed inAppendix C. The predicted
residual strengths are shown alongwith
experimental measurements in figure 9.

Two processorsveredeveloped to perform the
necessary calculations associatedvith  this
constitutive model. In the analysis scheme, these
processors were called upon to interaith existing
COMET processors toperform the progressive
failure analysis. This report, which serves aguade
for performing progressive failureanalysis on

The load redistribution due todamage
progression is simulated using monotomdamage
growth parameter{3( ¢, andy). Theseparameters



COMET, provides a briefbackground on the and the residual strengths. It should be noted that

constitutive model and the analysiethodology in  the current damage model capability is limited to

COMET. The description and usage of the twomode | (opening mode) and mode ($hearing

progressive failure processors can be found in thenode) matrix cracking and fiber fracturender

appendices of this report. tensile loading conditions. The inclusion other

damage modes such as delamination and

The results from the exampleproblems compression failure mechanismsill provide a

illustrated the stresgedistribution thatoccurred more complete picture of the failure process.

during the accumulation of matrix cracks afiler

fracture. This in turn influenced théamage

evolution characteristics, the global displacements,



Appendix A

Processor DRF
Al. General Description

This processor calculates the damage resultant forces and moments caused by matrix cracking in
laminated composites. These resultant forces and moments when appliedutdaamage laminateanill
produce an equivalent amount of displacements and curvatures to those resulting from thecnaekrix
surface kinematics in a damaged laminate. This enables an analysis of the response of aldanraged
without having to update the stiffness matrix each time the damstage changes. Matrix cradamage is
modeled in this processor by volume averaged crack surface kinematics using internal state variables (refs. 2
and 3).

ProcessorDRF and processor DGI, which is described appendix B,were developed toperform
progressive failure analysis of quasi-static and fatigue loaded laminates in Computaionetural
Mechanics (CSM) Testbed (COMET). Analyses from these processors are stored in two formats. One is in
standard format that is accesseddpening the output file. The other is a datt, which is stored in a
testbed data library, and provides data to processors and post-processors (ref. 1). In thispoabssar
DRF isused in conjunctionwith COMET analysis processors to determine #tatic displacement and
elemental stress resultarfte a laminated composite structure containing matrix crack damage. Processor
DGI then calculates thdamage-dependent pistresses. Thelamagestate isupdated based on the ply
stresses and this procedure is repeated for the next load cycle.

Al.1. Damage Dependent Constitutive Relationship

In this processor, the effects of the matrix cracks are introduced into the pletewaitutiveequations
as follows (ref. 3):

oL =[Ql{eL—al}, (A1)

Wherecl_ij are the locally averaged componentsstess[Q] is the ply levelreduced stiffness matrix, and

M o
sLij are the locally averaged components of straip;; are the components of the strain-like interstte

variable for matrix cracking and are defined
by

1
M —
ag;= —VL SI Ui nj ds, (A2)

whereV | is the volume of an arbitrarily chosen representative volume of ply thickness wihsafficsently

M
large thata,_ij do not depend oW, U are the crack opening displacememsare the components of the
vector normal to the crack face, aBds the surface value of the voluig. The present form of theodel

assumes thatrl,a¥,and g%, the internal state variablagpresenting the tensile fiber fracture, mode I
(shear mode) matrix cracking, and mode | (opening mode) matrix crackésgectively, are thenly
nonzero damage components.

Al.2. Damage Dependent Laminate Equations

The ply level strains are defined as follows:



EL, = Ely — ZK Ly (A4)

Ely = &Y — K Ly (A5)

0 : : : . .
where€| andK_ are the midplane strains and curvatures, respectively. aidrementioned plystrains are

then substituted into equation (Al) to produce the ply-lestebsses. Daage-dependent lamination
equations are obtained by integrating these ply stresses through the thickness of the laminate (MN#xtl5).
the stiffness matrix in the laminate equation is inverted to produce

ey [A 8] IN-1'g (A6)
k.0 |[B D EM "0

where [A], [B], and [D] are, respectively, thandamaged laminatextensional, coupling, andending
stiffness matrices. They are defined by the following equations from reference 6:

[A]= Z[Q] -2.) (A7)

[B]=2 Zl[a]k(zz -2) (A8)
D] = % Z [3].(z-2) (A9)

where[Q ]k is the transformed reduceslasticmodulus matrix for thekth ply in laminate coordinates. In
equation (A6), N are the components of the resultant force per unit length and M are the components of the

resultant moments per unit length. The variab{é¥} and {gM } represent the contribution to the resultant
forces and moments from matrix cracking and are calculated from,

-S[al -z ofa, (a10
¢} =-23[d (-2 e, o

where{ oM}k contains the matrix cracking internsiate variables for thkth ply. Thus given the forces N
and moments M, as well as the damage variables in each ply, equation (A6) can be utilized to calculate the

. .0
midsurface straing and curvature .

A2. Processor SYNTAX

This processor uses keywords and qualifiers alerip the CLIP command syntax (ref. 1). Two
keywords are recognized: SELECT and STOP.



A2.1 Keyword SELECT

This keyword uses the qualifiers listed below to control the processor execution.

Qualifier

Default

Meaning

LIBRARY

1

Input and output library.

ELEMENT

ALL

Element type ( EX47, EX97) used In the analysis. Default is all
element types found in LIBRARY.

SREF

Stress reference frame. Stress resultants may have been coquted

in the element stress/strain reference frame (SREF=0) or in on
three alternate reference frames. For SREF=1, the stresststrair]
direction is coincident with the globgidirection. For SREF=3 thd
stress/strainx-direction is coincident with the globaldirection.
Note that the processor currently must have the stress/strain
coincident with the globat-direction (SREF=1).

PRINT

1

Print flag. May be 0, 1, or 2; 2 results in the most output.

MEMORY

2 000 000

Maximum number of words to be allocated in blank common.

of

This is an artificial cap on memory put in place so that the dyngmic

memory manager does not attempt to use all of the space avai
on the machine in use.

able

DSTATUS

Damage state flag. If no damage, DSTATUS = 0. If matrix
cracking (cyclic load), DSTATUS = 1. If matrix cracking
(monotonic load), DSTATUS = 22222.

XFACTOR

0.0

Increases the specified applied forces by this factor at every logd

step. This is used in the residual strength calculations.

A2.2 Keyword STOP

This keyword has no qualifiers.

A3. Subprocessors and Commands

Processor DRF does not have subprocessors

A4. Processor Data Interface

A4.1. Processor Input Datasets

Several datasets, listed below, are used as input for processor DRF.

Input Dataset

Contents

ELTS.NAME

Element names

OMB.DATA.1.1

Material properties including strain allowables




LAM.OMB.*.* Laminate stacking sequence

ES.SUMMARY Various element information
PROP.BTAB.2.102 ABD matrix

WALL.PROP.1.1 Shell wall dataset

DIR.XXXX.*.* Element directory dataset

DEF.XXXX.*.* Element definition (connectivity) dataset
ISV.XXXX.*.* Internal state variable dataset

XXXX.EFIL.*.* Element nodal coordinates and transformations
APPL.FORC Applied force and moments at joints

A4.2 Processor Output Datasets

These Datasets used as output for processor DRF.

Output Dataset Contents
APPL.FORC Applied force and moments at joints
DFCT.XXXX.*.* Temporary damage resultant force dataset
DRFC.XXXX.*.* Damage resultant force dataset

A5. Limitations

Only EX47 and EX97 elements implementedh the generic element processor BS&ill be processed
by processor DRF. All other elememdl be ignored. Thestressreference frame must be coincidemith
the globalx-direction.
A6. Error Messages

Fatal errors will occur when any of the required datasets are missing from the input data library or when
the stress resultants at the integration points are missing.

Warning messagewill be written and executionwill continue when there is a missing onreadable
keyword or qualifier or if any of the original SPAR elements are encountered.

A7. Usage Guidelines and Examples
A7.1 Runstream Organization
The following listing illustrates therganization of a progressive failure analysis thaes COMET.

Because of the nonlinear nature of the damage-dependent constitutive equation, this aqedyfeiaried in
a stepwise manner.

1. Procedure ES Define element parameters.

2. Processor TAB Define joint locations, constraints, reference frames.

3. Processor AUS Build tables of material and section properties and applied forces.
4. Processor LAU Form constitutive matrix.
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5. Processor ELD Define elements.

6. Processor E Initialize element datasets, create element datasets.

7. Procedure ES Initialize element matrices.

8. Procedure ES Calculate element intrinsic stiffness matrices.

9. Processor RSEQ Resequence nodes for minimum total execution time.
10. Processor TOPO Form maps to guide assembly and factorization of system matrices.
11. Processor K Assemble system stiffness matrix.

12. Processor INV Factor system stiffness matrix.

13. Continue

14. Processor DRF Form damage resultant force vectors.

15. Processor SSOL Solve for static displacements

16. Procedure STRESS  Calculate element stress resultants

17. Processor DGI Calculate ply level stresses and damage evolution

18. For next load cycle, go to step 13; else stop.

A7.2. Progressive Failure Analysis Input and Output

Please refer to Processor DGI for usage example (Appendix 1.2).
A8. Structure of Datasets Unique to Processor DRF

A8.1. DRFC.xxxx

This data set is created by procesB®F and uses th&SYSVEC format. See APPL.FORC.iset.1 This
dataset contains the damage resultant forces and moments corresponding to the given matrix cracking state.

A8.2. DFCT.xxxx

Data set DFCT.xxx is created by procesBRF and uses th&YSVEC format. See APPL.FORC.iset.1
This dataset contains the damage resultant forces and moments from the previous load step and is used t
restore the applied force vector to the initial value.

A8.3. ISV.XXXX

This data set contains the matrix cracking internal state variables at each layexxxXhe the element
name. The data is stored in a record named ALPAM.1. This record contaaras, where

n = nlayenintgptx nelt

andnlayeris the number of layers in the modelntgpt is the number of integration points for the element,
andnelt is the number of elements.

The data is stored in the following order:

1. a“ﬂ , internal state variable associated with fiber fracture.

2. a“ﬂ : internal state variable associated with mode | opening of the matrix crack.
22

3. a“ﬂ , internal state variable associated with mode Il opening of the matrix crack.

The data storage occurs for every layer, every integration point, and every element.

11



Appendix B

Processor DGl
B1. General Description

Processor DGI predicts the evolution of matrix crack damage in laminated compositesrfotonical
loads and cyclic fatigue loads. The processor also calculates fiber fracture under tensile load conditions. The
matrix crack damage is represented in this processor by volume-averaged crack surface kinematics that use
internal state variables (refs. 2 and 3). The evolution of these internal state variapteserised by a
phenomenological growth law.

This processor was designed to perform progressive failure analysis of laminated composite structures in
the Computational Structural Mechanics (CSM) Testbed (COMET). At each load cycle, the eletnessal
resultants for a laminated composite structure are obtained from COMNtETthe effects of matrixcrack
damage accounted for by ProcesBdtF. Processor DGI then postprocessesittitrmation anduses the
ply-level stresses taetermine the evolution of matrix crack damage in each ply of the laminate. This
procedure is repeated until the specified number of load cycles has been reached.

B1.1 Damage Dependent Constitutive Relationship

In this processor, the effects of the matrix cracks are introduced into the plhetawaitutiveequations
as follows (ref. 5):

{UL} :[Q]{EL_GM} (BL)

where{aL} are the locally averaged componentsstess[Q)] is the ply levelreduced stiffness matrix, and

{gL} are the locally averaged components of strai{'ut"} are the components of the strain-likeernal
state variable for matrix cracking and are defined by

1
aM =—(un;dS B2
Lij VL‘£ J ( )

whereV\| is the volume of an arbitrarily chosen representative volume of ply thickness thafficsently

M . .
large thaKxLij do not depend oW|, y are the crack opening displacements, apdre the components of

the vector normal to the crack face. The present form of the model assumesiitieal.,and g%, the
internal state variablesepresenting the tensile fiber fracture, mode Il (shear mode) matrix cracking, and
mode | (opening mode) matrix cracking, respectively, are the only nonzero damage components.

For a uniaxially loaded medium containing alternati®® and 90° plies, !, has beenfound from a
micromechanics solution to be related to the far field normal force and crack spacing as follows (ref. 5):

P
_ t
af =— (B3)

<
N

where
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£=3S ; (B4)

#=5 Coo(2m - 1)2(2n - l)2 + Coor2 (é/f)z(zn - 1)4

p is the force per unit length that is applied normal to the fibers2in@nd 2a are the layer thickness and
crack spacing, respectivelyThe Gy, is the modulus in the direction transverse to the fibers Gnd 2 is
the in-plane shear modulus. Both moduli are the undamaged properties.

B1.2. Damage Evolution Relationship

Equation (B3) is used when the matrix crack spacing is known in each ply of the laminate. Since it is
usually necessary to predict the damage accumulation and response for a given load ddstarye
evolutionary relationships must be utilized to determine the values of the internal state variables. The
following relationship was used for the rate of change of the intata variableg !, in each plyduring
fatigue loading conditions (ref. 9):

L22

dal ~ .
daV = —22kG"dN B5
a s (BS)

M
whereda ,, describes the change in the internal state variable for a given change in the cracksadsace

Kk andn are material parameters (refs. 10 1and 11), N istiraber of loadcycles, and G is thdamage-
dependent strain energy release rate for the ply of interest and is calculated from the following equation:

da Lu

G =V.Cix (SLU - amj) ds

(B6)

whereV|_ is the local volume. Interactionsith the adjacent pliesvill result in ply strainsjj, that are
affected by the strains in adjacent plies. Thus, the strain energy release rate G in eeittb@limplicitly
reflected in the calculation of the ply-level response, so that equation (B5) is not restrictquhrtiicalar
laminate stacking sequence. Substituting equation (B6) in equation (B5) and integrating the rescit in
ply over time gives the current damage state in each ply for any fatigue load history.

When the material is subjected to monotonically increasing loads, the rate of change of the statrnal

M
variablea jj is described by

1

E&n -add+ —2(Q12 BSZr -Q,, Vsér) ifax>0;
daw =0 Q11Q22 - Q12 (B7)
old Q12 _ yst):(r H —
%11 +— - ifa»=0
Qll Qun
1 " .
E‘:zz - aglzd + W(Qﬂ yscr - Q11 ():/r) if an>0;
darr = 1122 12 BS
22 D = 0|d+ Q]_z _(>;lr |f all: O ( )
% sz Qx
Y
da= 22 4y, - qu (B9)

66
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for strains exceedingy,,,, £2,,, andy,,  , respectively. If none of the critical strains are exceeded, there is

no damage. Thery is the updated internal state variabell® is the internal state variable for tpeevious
damage statgnd da 11, da», and dai, are the incremental changes in the internal state variables for tensile
fiber fracture, mode | matrix cracking, and mode Il matrix cracking, respectively. The mondtmizge
growth parameter{3( ), andy) can be complicated algebraic functions describing the complex behavior of
load redistribution due to matrix cracking and fiber fractuidowever,for the purpose of developing the
framework for this progressive damageethodology, simple constantgere chosen for the parameters. So
for this analysis, the damage growth law parameters govern the load redistributiavaynttaat is similar to

the ply discount method. It is not reasonable to assume a 100% load redistribution at the irfsiéureof

for mode | matrix cracking and tensile fiber fracture. Therefore, a 90% load redistrilnasassumedi.e.

the local plystress isonly 10% of the critical ply strengthf(= 0.1 andy = 0.1). As the appliedoad
increases, mode | matrix cracking and tensile fiber fracture intstatd variables increase moportion to

the local strains. This results in a constant stress level (10% of the critical ply strength) in the dalireaged
illustrated in figure 10, with the load redistributing to the surrounding plies and elements.

Based on losipescu shear data (ref. 16) there is a shear(s‘yf%;jn) where the behavior is ntobnger

linear and becomes almost perfectly plastic. At this strain lgvisl,equal to 1.0 to simulate elastic-perfectly
plastic shear stress/strain behavior as illustrated in figure 10. This implies that as the appliadrdaads,
the damaged ply carries 100% of the critical shear stremgtie the additional stress transfers to the

surrounding plies and elements. When the shear strain becomes catawcj‘;r@bump is assumed to bequal
to 0.1. The load redistribution for shear is now similar to the case for mode | matrix cracking.
B2. PROCESSOR SYNTAX

This processor uses keywords and qualifiers alaithg the CLIPcommand syntax.Two keywords are
recognized: SELECT and STOP.

B2.1 Keyword SELECT

This keyword uses the qualifiers listed below to control the processor execution.

Qualifier Default Meaning
LIBRARY 1 Input and output library.
ELEMENT ALL Element type ( EX47, EX97) used In the analysis. Default is all
element types found in LIBRARY.
LOAD_SET 1 Load set; of input data set STRS.xXxXj.
SREF 1 Stress reference frame. Stress resultants may have been computed
in the element stress/strain reference frame (SREF=0) or in onI of

three alternate reference frames. For SREF=1, the stresskstrair
direction is coincident with the globgddirection. For SREF=3 thd
stress/strairx-direction is coincident with the globaldirection.
Note that the processor currently must have the stress/strain
coincident with the globat-direction (SREF=1).

PRINT 1 Print flag. May be 0, 1, or 2; 2 results in the most output.

STEP 0 Step number in nonlinear analysis (1.en, the STRS.xxxx.0 data
set for nonlinear analysis).
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MEMORY 2 000 000 Maximum number of words to be allocated in blank common.
This is an artificial cap on memory put in place so that the dyngmic
memory manager does not attempt to use all of the space available
on the machine in use.

DSTATUS 1 Damage state flag. It no damage, DSTATUS = 0. If matrix
cracking (cyclic load), DSTATUS = 1. If matrix cracking
(monotonic load), DSTATUS = 22222.

INCSIZE 1.0 Increment size used in damage growth law.

NCYCLE Cycle number

NINCR Increment number

B2.2 Keyword STOP

This keyword has no qualifiers.

B3. Subprocessors and Commands

None. Processor DGI does not have subprocessors.

B4. Processor Data Interface

B4.1 Processor Input Datasets

Several datasets, listed below, are used as input for processor DGI.

Input Dataset

Contents

ELTS.NAME Element names

STRS.XXXXL] Element stress resultants. Record named INTEG_PTS must e
OMB.DATA.1.1 Material properties including strain allowables

LAM.OMB.*.* Laminate stacking sequence

ES.SUMMARY Various element information

PROP.BTAB.2.102

ABD matrix

WALL.PROP.1.1

Shell wall dataset

DIR.XXXX.*.*

Element directory dataset

DEF.XxXxx.*.*

Element definition (connectivity) dataset

ISV . XXXX.*.*

Internal state variable dataset

DGP.DATA.1.1

Damage growth law parameters data set

B4.2 Processor Output Datasets

Output Dataset

Contents

15
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ISV . XXX.*.* Internal state variable data set

PDAT.XXXX Ply-level stresses, strains, and damage state

B5. Limitations

Only EX47 and EX97 elements implementedh the generic element processor BS&ill be processed
by processor DGI. All other elementsll be ignored. Thestressreference frame must be coincidesith
the globalx-direction.
B6. Error Messages

Fatal errors will occur when any of the required datasets are missing from the input data library or when
the stress resultants at the integration points are missing. (See section B4.1.)

Warning messagewill be written and executionwill continue when there is a missing onreadable
keyword or qualifier or if any of the original SPAR elements are encountered.

B7. Usage Guidelines and Examples
B7.1 Organization of Progressive Damage Analysis on Testbed
The organization of the COMET processors for a progressive failure analysimwn below. The

nonlinear nature of the damage-dependent constitutive equation requires that this analgsferbwd in a
stepwise manner.

1. Procedure ES Define element parameters.

2. Processor TAB Define joint locations, constraints, reference frames.

3. Processor AUS Build tables of material and section properties and applied forces.
4. Processor LAU Form constitutive matrix.

5. Processor ELD Define elements.

6. Processor E Initialize element datasets, create element datasets.

7. Procedure ES Initialize element matrices.

8. Procedure ES Calculate element intrinsic stiffness matrices.

9. Processor RSEQ Resequence nodes for minimum total execution time.

10. Processor TOPO Form maps to guide assembly and factorization of system matrices.
11. Processor K Assemble system stiffness matrix.

12. Processor INV Factor system stiffness matrix.

13. Continue

14. Processor DRF Form damage resultant force vectors.

15. Processor SSOL Solve for static displacements

16. Procedure STRESS  Calculate element stress resultants

17. Processor DGI Calculate ply level stresses and damage evolution

18. For next load cycle, go to step 13; else stop.
B7.2. Progressive Damage Analysis Input

The following listing illustrates the input from a progressive failure analysis. The problem being solved
is the uniaxially tensile loaded tapered laminated plate, figure 2, described in théadgirof this report.
The listing contains the main runstream plus a procedure file to perform the calculations for each load cycle.

#

#@\$-me

#

cp $CSM_PRC/proclib.gal proclib.gal .Copy procedure library
chmod u+w proclib.gal

testbed << \endinput
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*set echo=off .Do not echo input

*set plib=28
*open 28 proclib.gal /old .Open procedure library

*open/new 1 qoutput.l01 .Open output library

tapered panel
EX47 4 node quad elements
24 nodes, 14 elements

*add pffc.clp .Add procedure for repeating calculations
*def/a es_name = EX47 .Element name
*def/la es_proc = ES1 .Element processor name

*call ES ( function='DEFINE ELEMENTS'; es_proc = <es_proc> ;--
es_name=<es_name>)

[xqt TAB
START 24 .24 nodes
JOINT LOCATIONS .Enter joint locations

1 000.00.0200200.0813
8 0.010.00.020.08.00.0

CONSTRAINT DEFINITION 1 .Constraints:
zero 1,2,3,4,5:1,17,8 .Fixed end
zero 6: 1,24 .Suppress drilling DOF
[xgt AUS .Create input datasets
SYSVEC : appl forc .Applied forces
I=1:J=8 :3750.0
I=1 : J=16 : 7500.0
I=1:J=24 : 3750.0
TABLE(NI=16,NJ=1): OMB DATA 11 .Ply level material data
IM7/5260
1=1,2,3,4,5
J=1: 22.162E+6 0.333 1.262E+6 0.754E+6 0.754E+6
1=6,7,8,9

J=1: 0.754E+6 1.0E-4 1.0E-4 0.01
1=10,11,12,13,14,15,16
J=1: 0.0 0.0 0.0 0.014 0.014 0.014 0.0

TABLE(NI=3,NJ=3,ITYPE=0): LAMOMB 1 1 .Section properties
J=1:10.006 0.0
J=2:10.012 90.0
J=3:10.006 0.0

TABLE(NI=3,NJ=1,ITYPE=0): DGP DATA11 .Damage evolution data
J=1:1.1695 5.5109 3.8686E-7

[xgt LAU .Create constitutive matrix
ONLINE=2
[xqt ELD .Define connectivity
<es_expe_cmd>
NSECT =1: SREF=1

1 2 10 9

2 3 11 10
3 4 12 11
4 5 13 12
5 6 14 13
6 7 15 14
7 8 16 15
9 10 18 17
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15 16 24 23

[xqt E .Initialize element datasets
stop
*call ES (function="INITIALIZE") .initialize element matrices
*call ES (function="FORM STIFFNESS/MATL') .Form stiffness matrices
[xgt RSEQ .Resequence
reset maxcon=12
[xqt TOPO .Create maps
[xgt K .Assemble global stiffness matrix
[xqt INV .Factor the global stiffness matrix

*def/i ns_overwrite=<true>
Call procedure to perform calculations at each cycle

;call PFFC ( es_proc=<es_proc> ; es_name=<es_name> ; --
N_feycl=1 ; N_Icycl=2000 ; N_cylinc=5 ; --
NPRT=100)

;pack 1
[xqt exit
\endinput

B7.2.1. Procedure to perform the loop through the calculations for each load cycle
(file name pffc.clp)

*procedure PFFC (es_proc ; es_name ; --
N_fcycl ; N_Icycl ; N_cylinc ; --
NPRT)

N_fcycl: first fatigue cycle
N_lcycl: last fatigue cycle
N_cylinc: cycle increment
NPRT: output storage cycle increment

begin loop here

*set echo=off

*def icount =0 .Initialize print counter

*DO :CYCLOOP $NCYL = <[N_fcycl]>, <[N_lcycl]>, <[N_cylinc]>
*def icount = ( <icount> + 1)
*if < <icount> /eq <[NPRT]> /or <$NCYL> /eq 1 > /then

*def iprint = 1

*def icount =0
*else

*def iprint = 0
*endif

*def delinc = <[N_cylinc]>

[xqt DRF .Calculate damage resultant forces
select /PRINT =0
stop

[xqt SSOL .Solve for static displacements

Calculate elemental stress resultants
*call STRESS (direction=1; location= INTEG_PTS; print=<false> )

*if < <IPRINT> /eq 1 > /then
[xqt VPRT .Print static displacements
format =4
print STAT DISP
stop
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[xqt DGI .Calculate ply level stresses,
select /PRINT =2 .strains, and damage evolution
select /INC_SIZE = <delinc>
select/N_CYCLE = <$NCYL>
select /ININCR =1
select /ININCR = <$SNCYL>
stop

" *endif

*if < <IPRINT> /ne 1 > /then
[xqt DGI .Calculate ply level stresses,

select /PRINT =0 .strains, and damage evolution
select /INC_SIZE = <delinc>
select /N_CYCLE = <$NCYL>
select/NINCR =1
select /ININCR = <$SNCYL>
stop

 *endif
*if < <IPRINT> /eq 1 > /then .Store datasets for post processing

. *copy 1, PLYDT.<ES_NAME>.<$NCYL>.1 = 1, PDAT.<ES_NAME>.*
*copy 1, DISP.<ES_NAME>.<$NCYL>.1 = 1, STAT.DISP.*

" endif
-CYCLOOP

. *set echo=off
*end

B7.3. Progressive Damage Analysis Output

The following is a partial list of @rogressive failure analysis outpptoduced by process@Gl. Data
for postprocessing is stored in dataset PLYDT.XxXxx.xxx.1 .

** BEGIN DGI * DATA SPACE= 2000000 WORDS
CYCLE NUM. = 496

ELEMENT NUMBER 1 TYPE EX47
EVALUATION (INTG) POINT NUMBER 1
REFERENCE SURFACE STRAINS AND CURVATURES
EO-X EO-Y EO-XY K-X K-Y KXY
0.4619E-02 -0.6946E-04 0.1180E-02 0.0000E+00 0.0000E+00 0.0000E+00

COMBINED BENDING AND MEMBRANE STRESSES, STRAINS, AND MATRIX CRACK DAMAGE
VARIABLE

FOR EACH LAYER OF ELEMENT 1 TYPE EX47

LAYER THETA SIG-1 SIG-2 TAU-12 STRAIN-1 STRAIN-2 GAMMA-12

1 0. 0.103E+06 0.187E+04 0.890E+03 0.462E-02 -0.695E-04 0.118E-02
2 90. 0.384E+03 0.578E+04 -0.890E+03 -0.695E-04 0.462E-02 -0.118E-02
3 0. 0.103E+06 0.187E+04 0.890E+03 0.462E-02 -0.695E-04 0.118E-02
LAYER ALPM-11 ALPM-22 ALPM-12

1 0.000E+00 0.122E-11 0.000E+00

2 0.000E+00 0.473E-04 0.000E+00

3 0.000E+00 0.122E-11 0.000E+00

i BEGIN DGI ** DATA SPACE= 2000000 WORDS
CYCLE NUM. = 996
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ELEMENT NUMBER 1 TYPE EX47
EVALUATION (INTG) POINT NUMBER 1
REFERENCE SURFACE STRAINS AND CURVATURES
EO-X EO-Y EO-XY K-X K-Y K-XY
0.4623E-02 -0.6882E-04 0.1183E-02 0.0000E+00 0.0000E+00 0.0000E+00
COMBINED BENDING AND MEMBRANE STRESSES, STRAINS, AND MATRIX CRACK DAMAGE

20

VARIABLE
FOR EACH LAYER OF ELEMENT 1 TYPE EX47
LAYER THETA SIG-1 SIG-2 TAU-12 STRAIN-1 STRAIN-2 GAMMA-12
1 0. 0.103E+06 0.187E+04 0.892E+03 0.462E-02 -0.688E-04 0.118E-02
2 90. 0.382E+03 0.573E+04 -0.892E+03 -0.688E-04 0.462E-02 -0.118E-02
3 0. 0.103E+06 0.187E+04 0.892E+03 0.462E-02 -0.688E-04 0.118E-02
LAYER ALPM-11 ALPM-22 ALPM-12
1 0.000E+00 0.246E-11 0.000E+00
2 0.000E+00 0.901E-04 0.000E+00
3 0.000E+00 0.246E-11 0.000E+00
** BEGIN DGI ** DATA SPACE= 2000000 WORDS
CYCLE NUM. = 1496
ELEMENT NUMBER 1 TYPE EX47
EVALUATION (INTG) POINT NUMBER 1
REFERENCE SURFACE STRAINS AND CURVATURES
EO-X EO-Y EO-XY K-X K-Y K-XY
0.4625E-02 -0.6839E-04 0.1184E-02 0.0000E+00 0.0000E+00 0.0000E+00
COMBINED BENDING AND MEMBRANE STRESSES, STRAINS, AND MATRIX CRACK DAMAGE
VARIABLE
FOR EACH LAYER OF ELEMENT 1 TYPE EX47
LAYER THETA SIG-1 SIG-2 TAU-12 STRAIN-1 STRAIN-2 GAMMA-12
1 0. 0.103E+06 0.187E+04 0.893E+03 0.463E-02 -0.684E-04 0.118E-02
2 90. 0.376E+03 0.568E+04 -0.893E+03 -0.684E-04 0.463E-02 -0.118E-02
3 0. 0.103E+06 0.187E+04 0.893E+03 0.463E-02 -0.684E-04 0.118E-02
LAYER ALPM-11 ALPM-22 ALPM-12
1 0.000E+00 0.372E-11 0.000E+00
2 0.000E+00 0.129E-03 0.000E+00
3 0.000E+00 0.372E-11 0.000E+00
* BEGIN DGI * DATA SPACE= 2000000 WORDS
CYCLE NUM. = 1996
ELEMENT NUMBER 1 TYPE EX47
EVALUATION (INTG) POINT NUMBER 1
REFERENCE SURFACE STRAINS AND CURVATURES
EO-X EO-Y EO-XY K-X K-Y K-XY
0.4627E-02 -0.6806E-04 0.1185E-02 0.0000E+00 0.0000E+00 0.0000E+00
COMBINED BENDING AND MEMBRANE STRESSES, STRAINS, AND MATRIX CRACK DAMAGE
VARIABLE
FOR EACH LAYER OF ELEMENT 1 TYPE EX47
LAYER THETA SIG-1 SIG-2 TAU-12 STRAIN-1 STRAIN-2 GAMMA-12
1 0. 0.103E+06 0.187E+04 0.894E+03 0.463E-02 -0.681E-04 0.119E-02
2 90. 0.370E+03 0.564E+04 -0.894E+03 -0.681E-04 0.463E-02 -0.119E-02
3 0. 0.103E+06 0.187E+04 0.894E+03 0.463E-02 -0.681E-04 0.119E-02
LAYER ALPM-11 ALPM-22 ALPM-12
1 0.000E+00 0.500E-11 0.000E+00
2 0.000E+00 0.164E-03 0.000E+00
3 0.000E+00 0.500E-11 0.000E+00



B8. Structure of Datasets Unique to Processor DGI
B8.1. PDAT.XXXX

Data setPDAT.xxxx contains ply-level damage dependsiresses, straingnd internal state variables.
Data are centroidal values. The variable xxxx is the element name. The data for each element is stored in a
record named DAT_PLYelt, whereielt is the element number. Each record contaiitems, where

= nfayerx 9
andnlayeris the number of layers in the model.
The data is expressed with respect to ply coordinates and is stored in the following order:
1. 011 normal stress in the fiber direction.
O22 normal stress transverse to the fibers.
012 shear stress.
€11 strain in the fiber direction.
€20 strain transverse to the fibers.
€12 shearing strain.

M . . . L g
011 internal state variable associated with fiber fracture.

@ N o0k owbd

M . . . : . .
0|22 internal state variable associated with mode | opening of the matrix crack.

L , , , . . .
9. oy internal state variable associated with mode Il opening of the matrix crack.
Repeatedlayer times.

B8.2. DGP.DATA.1.1

This data set is created by AUS/TABIlaBd contains the growtlaw parameters for the matrigracking
evolutionary relationship. The following variables are used to specify table size:

NI = number of material parameters, for this case 3
NJ = number of material systems, for this case 1
Type = numerical format such as real or integer

where NI and NJ are the number of columns and rows, respectively and Type specifies numerical format, real
or integer.

Each entry contains the following:
1. Growth law parametek .
2. Growth law parameten .

dagii
3. Parameter for determinirrgj—S:L , dpara
These entries are repeated NJ times.

B8.3. ISV.XXXX

This data set contains the matGracking internalstate variables at each layer. The variablgx is the
element name. The data is stored in a record named ALPAM.1.

This record containm items, where

n = nlayer x nintgptx nelt
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andnlayeris the number of layers in the modelntgpt is the number of integration points for the element,
andnelt is the number of elements.

The data is stored in the following order:

M . . . I

1. a1, internal state variable associated with fiber fracture.
M . . . . : .

2. Qpo2, internal state variable associated with mode | opening of the matrix crack.
M . . . . . .

3. aL12, internal state variable associated with mode Il opening of the matrix crack.

The data storage occurs for every layer, every integration point, and every element.
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Appendix C
Residual Strength Runstream

Cl. General Description

This appendix lists a sample runstream that was used to calculate the residual strength of
an orthotropic center-notched laminate that was monotonically loaded to failure.

C2. Residual Strength Analysis Input

The following listing illustrates the input from a residual streragtalysis. The problem beingolved
is the uniaxially tensile loaded center-notched orthotrigpenated platsshown infigure 8. The listing
contains themainrunstream plus a procedure fil@he procedurdile calculates theéesponse during the
monotonic loading to failure and is presented in this appendix. Thedlaitentmesh wasreatedusing
PATRAN. The file PT2T.PRC wagreatedusingthe testbedATRAN To Testbed (PT2Theutralfile
converter. Thidile containsall of the nodal locationsconnectivity matrix, boundary conditions, and
applied forces.

cp $CSM_PRC/proclib.gal proclib.gal
chmod u+w proclib.gal

testbed > cct.o << \endinput

*set echo=off

*set plib=28

*open 28 proclib.gal /old

*open/new 1 cct.l01

rectangular panel with center-cut slit
guarter panel mesh
EX47 4 node quad elements

*add pffdm.clp
*add initialize.clp

*ADD PT2T.PRC
*def/a es_name = EX47
*def/a es_proc = ES1
*call ES ( function = 'DEFINE ELEMENTS'; es_proc = <es_proc> ;--

es_name=<es_name>)

[xqt TAB

START 800

*call PT2T_JLOC

. CONSTRAINT DEFINITION 1
*call PT2T_BC

[Xqt AUS
SYSVEC : appl forc

*call PT2T_AF

TABLE(NI=16,NJ=1): OMB DATA1 1
AS4/938
1=1,2,3,4,5
J=1: 19.60E+6 0.32 1.36E+6 0.72E+6 0.72E+6
1=6,7,8,9
J=1: 0.72E+6 1.0E-4 1.0E-4 0.01
1=10,11,12,13,14,15,16
J=1: 0.0 0.0 0.0 0.0148 0.005 0.010 0.0

" TABLE(NI=3,NJ=13,itype=0): LAM OMB 1 1
J=1: 10.0072 -45.0
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10.0072 45.0
10.0072 0.0

1 0.0072 90.0
1 0.0072 -30.0
1 0.0072 30.0
10.0072 0.0

1 0.0072 30.0
1 0.0072 -30.0
0: 1 0.0072 90.0
1:10.0072 0.0
2:10.0072 45.0
3:10.0072 -45.0

[ SR SR SR SR SFR SR SR SR SIFRY SR SR Y
TR T L e T T (L]

BERPOONOORWN

[xqt ELD
*call PT2T_CONN

*def/a solver_name=INV

*call INITIALIZE ( renumber=1; rseq_method=-1; auto_dof_sup=0)
*call STIFFNESS ( type=MATL )

*print 1 EX47.EFIL.* DATA.1 /m=100

*call FACTOR ( input_matrix=K; output_matrix=K )

*defl/i ns_overwrite=<true>

*call PFFDM ( es_proc=<es_proc> ; es_name=<es_name> ; --
N_fcycl=1 ; N_Icycl=1000 ; N_cylinc=1 ;--
NSUB=0 ; NSTRT=0; NS_lcycl=0 ; --
NPRT=1)

;‘pack 1
[xqgt exit
\endinput

C2.1 Procedure to perform the monotonic loading calculationgfile name pffdm.clp)

*procedure PFFDM ( es_proc ; es_name ; --
N_fcycl ; N_Icycl ; N_cylinc ; --
NSUB ; NSTRT ; NS_lcycl ; NPRT)

File to control monotonic loading to failure

N_fcycl: first cycle number

N_lcycl: last cycle number

N_cylinc: cycle increment

NSUB: subincrement flag (=0, to bypass)

NSTRT: cycle to start subincrements(=0, to bypass)
NS_lcycl: number of subincrements(=1, to bypass)
NPRT: output storage cycle increment

begin loop here

*set echo=off
*def icount = 0
*DO :CYCLOOP $NCYL = <[N_fcycl]>, <[N_lcycl]>, <[N_cylinc]>
*def icount = ( <icount> + 1)
*if < <icount> /eq <[NPRT]> > /then
*def iprint = 1
*def icount =0
*else
*def iprint = 0
*endif
*def/i SITCYCL =1
*def/i DUMIT = 1
*def/i $SSNCYL =1
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*def delinc = <[N_cylinc]>
*def/d st_disp == STAT.DISP.*
*def/d ap_forc == APPL.FORC.*
*def/a nst_disp == NST.DISP
*def/a ost_disp == OST.DISP
*def/a dst_disp == DST.DISP
*DO $ITCYCL =1,1000
*def/i drfit=1
[xqt DRF.MNR
select /PRINT =0
select IDSTATUS = 22222
select /XFACTOR = 1.0
select /DUMIT = <$ITCYCL>
stop

* * * *kk *kk *%

postpone iterations until damage occurs

*G2M /name=drfit /type=D /maxn=1--
1, DRFITU.EX47.*, DRFDAT.1

*if < <drfit> /eq 0.0 > /then

*def/i $ITCYCL = 1000

*endif

* * * * *

*kkk *kk *kk * * *kk

iterate until change in damage resultant
forces are small

*G2M /name=drfitn /type=I /maxn=1--
1, DRFITV.EX47.*, DRFDAT.1
*print 1 DRFITV.EX47.* DRFDAT.1 /m=1
*f < <$ITCYCL> /ge 2 > /then
*if < <drfitn> /eq 0 > /then
*def/i $ITCYCL = 1000
*endif
*endif

*kkk * * * *kkkkkk *%

*if < <$ITCYCL> /ge 2 > /then
*G2M /name=ddisp /type=D /maxn=1--
1, DST.DISP, DATA.1 /m=49
*endif

*if < <$NCYL> /ge 2 > /then
[xqgt vec
COMBINE <ost_disp> <- <st_disp>
*if <<$NCYL> /eq 2 > /then
COMBINE <dst_disp> <- <st_disp>
*endif
*endif

" [xqt SSOL

*if < <drfit> /ne 0.0 > /then

*f < <$ITCYCL> /ge 2 > /then

[xqt vec
COMBINE <dst_disp> <- <st_disp>
COMBINE <nst_disp> <- <dst_disp> + <ost_disp>
COMBINE <st_disp> <- <nst_disp>

*endif

*endif

*call STRESS (direction=1; location= INTEG_PTS; print=<false> )
[xqt DGI

select /PRINT =0

select /INC_SIZE = <delinc>

select IN_CYCLE = <$NCYL>
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select /NINCR = <$SNCYL>
select IDSTATUS = 22222
stop

" %if < <$ITCYCL> /eq 1000 > /then
*if < <IPRINT> /eq 1 > /then
*if < <$NCYL> /ge 100 > /then

*copy 1, PLYDTM.<ES_NAME>.<$NCYL>.<$ITCYCL> = 1, PDAT.<ES_NAME>.*
*copy 1, DISPM.<ES_NAME>.<$NCYL>.<$ITCYCL> = 1, STAT.DISP.*

*endif

*endif

*endif

" *ENDDO
‘CYCLOOP

. *set echo=off
*end

C3. Residual Strength Analysis Output

Centroidal values of the ply stresses, strains, and internal state variables for each elemeribwad be
the PDAT.xxxx dataset(renamed as PLYDTM.EX47.xxxx.yyyy). Nodal displacemeats located in the
STAT.DISP.xxxx dataset(renamed as DISPM.EX47.xxxx.yyyy)These datasetsare located in the 01

output file and can be retrieved as separate individual files. An example of data output fdanoaged
element from one of the PDAT.xxxx data sets is given below.

Record DAT_PLY97 of dataset PLYDTM.EX471.9050
1: 1.9230D+05 6.8000D+02 7.2000D+03 9.8001D-03 1.0500D-02 3.1344D-02
7: 0.0000D+00 1.3139D-02 2.1344D-02 2.0601D+05 6.8000D+02 7.2000D+03
13: 1.0500D-02 9.8001D-03 -3.1344D-02 0.0000D+00 1.2664D-02 -4.1344D-02
19: 2.9008D+04 -6.8656033 5.0370D+02 2.5822D-02 -5.5218D-03 6.9959D-04
25:2.4230D62 0.0000D+000.0000D+00-1.0801D+05 6.8000D+02 -5.0370D+02
31: -5.5218D-03 2.5822D-02 -6.9958D-04 0.0000D+00 2.3558D-02 0.0000D+00
37: 1.4610D+05 5.0053D+03 7.2000D+03 1.7683D-02 2.6170D-03 2.7494D-02
43: 1.0311D-02 1.3219D-03 1.7494D-02 1.5110D+05 1.8871D+03 7.2000D+03
49: 1.8289D-02 2.0111D-03 -2.6794D-02 1.0610D-02 3.0906D-03 -3.6794D-02
55: 2.9008D+04 -6.8656D+03 5.0370D+02 2.5822D-02 -5.5218D-03 6.9959D-04
61: 2.4230D-02 0.0000D+00 0.0000D+00 1.5110D+05 1.8871D+03 7.2000D+03
67: 1.8289D-02 2.0111D-03 -2.6794D-02 1.0610D-02 3.0906D-03 -3.6794D-02
73: 1.4610D+05 5.0053D+03 7.2000D+03 1.7683D-02 2.6170D-03 2.7494D-02
79: 1.0311D-02 1.3219D-03 1.7494D-02 -1.0801D+05 6.8000D+02 -5.0370D+02
85: -5.5218D-03 2.5822D-02 -6.9958D-04 0.0000D+00 2.3558D-02 0.0000D+00
91: 2.9008D+04 -6.8656D+03 5.0370D+02 2.5822D-02 -5.5218D-03 6.9959D-04
97: 2.4230D-02 0.0000D+00 0.0000D+00 2.0601D+05 6.8000D+02 7.2000D+03
103: 1.0500D-02 9.8001D-03 -3.1344D-02 0.0000D+00 1.2664D-02 -4.1344D-02
109: 1.9230D+05 6.8000D+02 7.2000D+03 9.8001D-03 1.0500D-02 3.1344D-02
115: 0.0000D+00 1.3139D-02 2.1344D-02

This data is for element number 97 at load step number 190 and at the 50th (or last) iteration. Based on
the structure of data sets in Appendix B Section 8, the underlined data is the output for the third ply (in this
case that would be theé ply). The number 2.9008D+04 means tbat the normal stress in the fiber

direction, is 29,008 psi. This is 10% of the failure strength because we know that fiber fracture has occurred
from the value ofx,,, 2.4230D-02.

An example of the nodal displacements for the first nine nodes are listed below. Each row of data
belongs to one node. The order of data is such that the x-direction translation is listed first, then the y and z
translations followed by the rotations about the X, y, and z axes, respectively.

Record DATA.1 of dataset DISPM.EX47.190.50
1: 1.9339E-02 3.7506E-03 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
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7.

13:
19:
25:
31:
37:
43:
49:

How often such data is stored in data sets is up to the user and is controlledNBRiheariable in the

1.9377E-02
1.9422E-02
1.9666E-02
1.9475E-02
1.9656E-02
1.9532E-02
1.9628E-02
1.9585E-02

3.2392E-03 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00

2.7315E-03
0.0000E+00
2.2355E-03
4.2360E-04
1.7568E-03
8.5391E-04
1.2969E-03

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

runstream and th&copy 1 command in the proceduEfdm.clp
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0.0000E+00
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0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Stewart, C.B.; "The Computation Structural Mechanics Testbed User's Ma®d8I& Technical
Memorandum 1006440ctober 1989.

Allen, D.H., Harris, C.E., and Groves, S.E.; "A Thermomechanical Constitutive Theory for Elastic
Composites with Distributed Damage--Part I: Theoretical Developmkneinational Journal of
Solids and Structures/ol. 23, No. 9, 1987, pp.1301-1318.

Allen, D.H., Harris, C.E., and Groves, S.E.; "A Thermomechanical Constitutive Theory for Elastic
Composites with Distributed Damage--Part Il: Application to Matrix Cracking in Laminated
Composites,'International Journal of Solids and Structuréfol. 23, No. 9, 1987, pp.1319-1338.

Vakulenko, A.A. and Kachanov, M.L.; "Continuum Theory of a Medium with CradkekKhanika
Tverdogo TelaVol. 6, No. 4, 1971, pp. 159-166.

Lee, J.W., Allen, D.H., and Harris, C.E.; "Internal State Variable Approach for Predicting Stiffness
Reductions in Fibrous Laminated Composites with Matrix Crack®jtnal of Composite Materials
Vol. 23, 1989, pp.1273-1291.

Jones, R.M.Mechanics of Composite Materialdemisphere Publishing Corporation, New York, 1975.

Allen, D.H., Nottorf, E.W., and Harris, C.E.; "Effect of Microstructural Damage on Ply Stresses in
Laminated Composites,Recent Advances in the Macro- and Micro-Mechanics of Composite
Materials Structures-Proceedings of the Symposidi8ME, 1988, pp. 135-145.

Chou, P.C., Wang, A.S.D., and Miller, H., "Cumulative Damage Model for Advanced Composite
Materials, "AFWAL-TR-82-4083U.S. Air Force, August 1982. (Also available from DTIC as AD-
A122859.)

Lo, D.C., Allen, D.H., and Harris, C.E.; "A Continuum Model for Damage Evolution in Laminated
Composites,'Inelastic Deformation of Composite Materials.J. Dvorak, ed., Springer -Verlag, 1990,
pp. 549-561.

Lo, D.C., Allen, D.H., and Harris, C.E.; "A Procedure for Utilization of a Damage-Dependent
Constitutive Model for Laminated CompositeBIASA Technical Memorandum 1042 E&bruary
1992.

Coats, T.W.; "Experimental Verification of a Progressive Damage Model for Composite Laminates
Based on Continuum Damage Mechani¢¢ASA Contractor Report 19502Dec. 1994.

Buie, K.D.; "A Finite EIment Model for Laminated Composite Plates with Matrix Cracks and
Delaminations, " M.S. Thesis, Texas A&M University, December 1988.

Tay, T.E., Lam, K.Y., and Cen, Z., “Analysis of Composite Structures with Distributed and
Localized Damage by the Finite-Element Metho@@dmposite Structured/ol. 37, 1997, pp. 135-
143.

Stanley, G.M., “The Computational Structural Mechanics Testbed Structural Element Processor ES1:
Basic SRI and ANS Shell ElementsINASA Contractor Repo#t357, 1991.

Coats, T.W. and Harris, C.E.A"Progressive Damage Methodology for Residual Strength Predictions of
Notched Composite PanelIASA Technical Memorandum 20764%ril, 1998.

Scholz, D.B., Dost, E.F., and Flynn, B.W., "Advanced Technology Composite Fuselage - Materials and
Processes,NASA Contractor RepoA731, 1995.

Lagace, P.A., Bhat, N.V., and Gundogdu, A., "Response of Notched Graphite/Epoxy and Graphite/Peek
Systems,'Composite Materials: Fatigue and Fractyréourth Volume, ASTM STP 1156, W.W.

28



Stinchcomb and N.E. Ashbaugh, Eds., American Society for Testing and Materials, Philadelphia, 1993,
pp. 55-71.

18. Coquill, S.L. and Adams, D.F., "Mechanical Properties of Several Neat Polymer Matrix Materials and
Unidirectional Carbon Fiber-Reinforced CompositddASA Contractor Repoit81805, April 1989.

29



Table 1. Material Properties of Unidirectional Ply of IM7/5260

E11, MSi o 22.16
Eoo MSI e 1.26
G122, MSi 0.75
1Y T2 0.333
tp|y 1 0006
Sllcnt ............................................................................. 0.015
822Cfit ............................................................................. 0.008
Growth law parameters:

K 1.1695
TR 5.5109
0| T U= N PRSP 3.8686 x 10

Table 2. Maximum Fatigue Loads Employed in Sample Calculations

Layup Specimen Maximum fatigue
geometry load (R =0.1)
unnotched 3300 Ib/in

[0/ 45/90];
open hole 2000 Ib/in
unnotched 2480 Ib/in
[07903]s
open hole 1572 Ib/in

Table 3. Lamina Material Properties

il 03 R A AR I
arsa/ess3.40| 19-7| 1.31] 0.69 582 0.3f 0.87 1.46 1.p0 1€
arsaiozs | 196 1.36| 0.72 57.2 0.3 050 1.48 1.p0 1d
basa/3s01-6 | 20-0| 1.36| 0.87 60.3 0.28 0.50 1.40 1.p0 1

90 0 .
a E11, Ep2, G12, V12, € , ande,, measured by Boeing (ref. 16)
90 0
E11, Epo, Gi12, V12, € , @andeg, measured by Lagace et al. (ref. 17)

* V(1)2 andyclrz are approximations from losipescu shear test data (ref. 18)
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Input Finite Element Mesh, Current Damage State
Loading Condition, and Material Properties

Y

Calculate Element Stiffness Matricel-“?

Y

Assemble and Factor Global
Stiffness Matrix |?

Y

-
> Calculate Damage Resultant Forces
and Update Global Force Vector |T
Solve for Global Displacements F
Increment
Load or Calculate Elemental Stress Resultarrﬂ
6
Cycle v
A
Calculate Ply-Level Strains, Stresses,
and Damage Evolution [ ]
Iterate Until v
damage resultant
forces < 0.1 Update Damage State d

Established ~

Figure 1. Progressive failure analysis scheme.
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(a) Dimensions and boundary conditions.

X
(b) The finite element model in sample calculation.

Figure 2. Conditions and model of cross-ply laminated composite plate. All linear dimensions are in inches.
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Figure 4. Distribution of stress component normal to fibers thpdies.
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Figure 5. Global displacements resulting from load redistribution.
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Figure 6. Finite element model for a laminate with a central circular hole.
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Figure 7. Stiffness loss of IM7/5260 laminates with central circular notch.
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Figure 8. Finite Element Mesh of the Center-Crack Tension Panel.
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Figure 9. Residual Strength Predictions for the Center-Crack Tension Panels.
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Figure 10. Load Carrying Capability After Ply Failure.
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